The KM M radiative Auger (RA) x-ray spectra of solid Ca were induced by monochromatic synchrotron radiation and measured with a high-resolution von Hamos bent crystal spectrometer.
The decay scheme of atomic inner-shell vacancies is dominated by radiative (fluorescence) and non-radiative (Auger) electron transitions. The radiative Auger effect (RAE) represents an additional decay channel in which a photon and an electron are emitted simultaneously, sharing the available transition energy. This alternative weak deexcitation channel was predicted by Bloch and co-workers already in the 1930s [1, 2] and observed byÅberg and Utriainen only about 35 years later [3] .
For the most probable RA transitions, the K-MM ones, which are addressed in this work, the energy E of the emitted photon is given by
where the first term on the right represents the total energy of an ion with a single hole in the K-shell and the second one the total energy of the final configuration state with two holes in the M-shell and one electron either in an unoccupied bound state nl (shake-up) or in the continuum with an energy ǫ (shake-off). The energy distribution of the RA photons is continuous from zero up to a maximum value which corresponds to the onset of the RA transition. The photon energy is equal to the onset energy when the electron is emitted with a kinetic energy ǫ=0, whereas E = 0 when the kinetic energy of the RA electron is equal to the energy of the electron emitted by the parent K-MM Auger transition, i.e., when
The energy of the Kβ 1,3 diagram line (K-M 3,2 transition) can be written similarly as
where E[M −1 3,2 ] stands for the total energy of the ion with one vacancy in the M 3 or M 2 subshell. The x-ray emission corresponding to the K-MM RAE appears therefore on the low-energy side of the Kβ 1,3 x-ray line with a negative energy offset given by
The smallest RA SU (shake-up) energy offset occurs when nl corresponds to the lowest unoccupied state, while the smallest energy offset of a RA SO (shake-off) transition corresponds to ǫ ≈ 0, i.e., to
In RA SO transitions the energy sharing between the continuum electron and the photon is strongly asymmetric [4] . The transition probability is maximum when the electron energy ǫ ≈ 0 and the probability diminishes then continuously with ǫ.
Since in RA transitions the energy is shared between the photon and the electron which is shaken off or excited into one of the higher unoccupied states, RA x-ray emission spectra should reflect the structure of the unoccupied states. Indeed, it was shown by Kawai that the shapes of KL 2,3 L 2,3 RA x-ray spectra resemble those of K x-ray absorption near edge structure (XANES) spectra. Taking advantage of these similarities, Kawai developed a novel technique for material analysis [5] . This so-called extended x-ray emission fine structure (EXEFS) technique was successfully applied to study the electronic structure of several elements and compounds [6] .
Regarding the intensity of the RA x-ray yield relative to the parent diagram line, a decrease with the atomic number Z is predicted by theory [7, 8] . On the other hand, for a given initial inner-shell vacancy, the relative RA x-ray emission yield increases with the principal quantum number of the electrons involved in the transition because of the higher shake probability characterizing the less bound outer shell electrons. However, large discrepancies exist between the existing experimental data and the available shake-off (up) [7] , configuration interaction (CI) [9] , DV-X α [10] , and radiative field [11, 12] calculations for the relative intensities as well as for the RA x-ray emission spectral shapes.
Within the RAE spectral region other processes such as the radiative electron rearrangement (RER) [13] [14] [15] [16] may contribute to the overall signal. The same holds for satellite and hypersatellite x-ray lines due to multiple ionization processes. The contribution from the multiple ionization, which depends on the incident photon energy [17] [18] [19] , can be reduced by using synchrotron radiation and tuning the excitation energy just above the ionization threshold. For near-threshold excitation energies, however, the RAE signal may then also partially overlap with x-ray resonant Raman structures [20] .
Since the RAE transitions are much less intense than their parent diagram x-ray lines and are sitting on the low energy tails of the latter, the RA x-ray spectra are usually measured by means of the wavelength dispersive x-ray spectroscopy technique. To date, experiments based on photoexcitation employing x-ray tubes [21] [22] [23] or charged particle excitation [24, 25] have been carried out. In these studies the contribution of the multiple ionization to the x-ray yield observed within the RA spectral region could not be excluded.
In the present work we report on the KMM RA transitions of Ca induced by monochromatic synchrotron radiation (SR). KMM RA transitions which appear on the low energy tail of the Kβ 1,3 diagram line were chosen because they are the strongest radiative Auger transitions decaying K-shell vacancies. For the choice of the target, preference was given to Ca because for this element different theoretical predictions for the KMM RAE yields were available [8, 12] . On the other hand, among the few existing experimental data concerning the KMM RA transitions of Ca, none of them was obtained using SR for the target excitation. Present RAE results were obtained with SR beams whose energies were tuned 50 eV and 1455 eV above the K absorption edge. In order to evaluate accurately the background underlying the RA x-ray emission signal, a broad spectral region comprising the Kα 1,2 (K-
and Kβ 1,3 diagram lines was collected. To extract properly the RA x-ray emission spectral structure and determine in a reliable way the relative RA yield the whole K x-ray spectrum was fitted.
II. EXPERIMENT
The measurements were carried out at the x-ray microscopy beamline ID21 of the European Synchrotron Radiation Facility (ESRF), in Grenoble, France. The primary x-ray beam from the undulator was monochromatized by means of a double-crystal Si(111) monochromator and the higher harmonics were strongly reduced by means of a Ni-coated mirror.
The relative beam energy resolution was ∼2 × 10 −4 . The beam energies were calibrated by measuring the K-absorption edges of Ca, Sc, Ti and V, using for the edge energies the values reported in Ref. [26] . Two calcium foils, one for the measurement of the absorption edge and another one for the measurements of the emission spectra, were prepared beforehand in Fribourg and transported in vacuum to the ESRF.
The calcium K-edge absorption spectrum was measured in the fluorescence mode in the energy interval of 4017 eV to 4135 eV. For the x-ray emission measurements, a von Hamos curved crystal spectrometer [27] was installed in the main experimental hutch of ID21, downstream of the scanning x-ray microscope chamber to which it was connected with a 180 cm long evacuated pipe sealed with a 50 µm thick Kapton TM foil. In most applications the von Hamos spectrometer of Fribourg is operated in the so-called slit geometry. In this geometry a narrow rectangular slit, placed between the target and the bent crystal, serves as the effective source of radiation and the energy resolution of the spectrometer is mainly determined by the chosen width of the slit. It can be noted that, due to the slit, different parts of the reflecting area of the crystal view different parts of the target so that the shape of the measured x-ray spectrum has to be corrected off-line for spatial inhomogeneities of the beam intensity on the target. In the present experiment, however, in order to maximize the intensity of the fluorescence x rays impinging on the crystal and to get rid of the dependence of the x-ray spectrum shape on the inhomogeneous beam intensity profile, a 200 µm pinhole was inserted in the primary beam and the slit of the spectrometer was left completely open.
In this "slitless" mode of operation, the energy resolution of the von Hamos spectrometer depends primarily on the size (width) of the beam on the target. With the chosen pinhole diameter the FWHM instrumental broadening of the spectrometer was ∼ 1.6 eV for the energy region corresponding to the KMM RA spectrum of Ca.
A top view of the experimental setup is shown in Fig. 1 the Kβ 1,3 line and 2s/image for the rest of the spectrum. For normalization purposes, the incident photon fluxes were recorded with a photodiode before and after each measurement.
The incident photon flux without absorbers was typically 3 − 6 × 10 11 photons/s.
The incident photon beam energy was tuned to 4088 eV, an energy lying above the K absorption edge of Ca (4038.2 eV) but clearly below the KL and KK double ionization thresholds. In addition, the difference of 50 eV between the beam energy and the K edge allowed us to avoid a contamination of the RAE energy region by the KM resonant Raman scattering. The RAE measurements were also performed using a higher beam energy of 5493 eV, which is above the KL double ionization threshold. The aims of the latter measurements were to check the effect of multiple ionization and to probe the dependence of the RA process on the incoming photon energy. To obtain data with a good statistics, an acquisition time of ∼ 8 hours was needed for a whole RA spectrum. At each beam energy, the spectrometer was calibrated using the known energy of the elastic peak scattered by thin metallic Ti and V foils and the calcium Kα 1 transition energy quoted in Ref. [26] . These measurements also served to determine the instrumental broadening of the spectrometer.
III. DATA ANALYSIS A. Data corrections
The measured x-ray intensities I exp (E) were first normalized by the photon flux and the overall acquisition time. They were then corrected for the target self-absorption (correction factor F SA ), the CCD quantum efficiency (F CCD ), the crystal reflectivity (F CR ), and the solid angle of the spectrometer (Ω), using the relation
For the self-absorption correction, the following equation was used
where t represents the target thickness, θ 1 and θ 2 are the angles of the incident and fluorescence photon beams with respect to the normal to the sample surface, and µ B and µ(E) stand for the attenuation coefficients at the incident-beam energy E B and x-ray emission energy E, respectively. Note that in the present experimental setup, θ 1 = 0 o so that cos θ 1 = 1 and cos θ 2 = sin θ, where θ is the Bragg angle (see Fig. 1 ).
The attenuation coefficients µ B corresponding to the two beam energies were derived from the theoretical values reported in Ref. [28] , while the function µ(E) was calculated using the analytical power-law [29, 30] µ(E) = aE b .
The parameters a and b were determined by fitting the above function to the values quoted in Ref. [28] for the K pre-edge energy region.
Although the major part of the measured x-ray emission spectrum, including the whole RA structure of primary interest, lies below the K absorption edge, the high energy part of the spectrum above the Kβ diagram line, particularly the
by an increased self-absorption due to the vicinity of the K absorption edge. In order to avoid the use of a step-like function for the absorption edge [28] , the data from the measured absorption spectrum were used for the correction factor F SA (E). To get the experimental x-ray attenuation coefficients, the absorption spectrum was rescaled above the K XANES region to the theoretical data from [28] . The result of this rescaling procedure, depicted in The energy dependent efficiency F CCD (E) of the back-illuminated silicon CCD detector was determined using the following relation from [31]
where C D is a dimensionless constant, X Si the effective thickness in cm of the CCD Si layer, and E the energy of the detected x-rays in eV. For the back-illuminated CCD camera used in the present experiment, the constant C D is nearly equal to 1 and the thickness X Si amounts to ∼0.0015 cm [32] . The reflectivity of the LiF(200) crystal was calculated by means of the XOP program [33] for eight energies between the Kα 1,2 and Kβ 1,3 lines and then fitted with a 2nd-order polynomial to obtain the reflectivity correction function F CR (E). Finally, the smooth variation with energy of the solid angle Ω(E) was determined using a dedicated computer code.
B. Spectra fitting
The high-resolution Ca K x-ray spectra corresponding to the two beam energies are presented in Fig. 3 . Both spectra are dominated by the strong Kα 1,2 and Kβ 1,3 diagram lines with the broad RA structure of interest between them. On the high energy side of the Furthermore, as shown in Fig. 3 , the L satellites of the Kα 1,2 and Kβ 1,3 x-ray lines are only observed in the spectrum measured at the higher beam energy. This is, however, not surprising since the first beam energy (4088 eV) was smaller than the KL double ionization threshold.
For a reliable analysis of the measured x-ray spectra one should consider that the diagram transitions may be accompanied by satellite transitions. The latter result from the presence of additional vacancies in the outer subshells that are produced mainly by shake processes [34] . Due to these spectator vacancies the screening of the nuclear charge is reduced and the x-ray satellite lines are shifted in energy with respect to the diagram transitions. Multiconfiguration Dirac-Fock (MCDF) calculations [35] show that the first-order N-satellites The spectrum recorded at the higher beam energy (E B =5493 eV) was analyzed in a similar way (see Fig. 3(b) ). However, the diagram lines were found to exhibit a larger asymmetry due to the increased intensities of the unresolved M-and N-satellites. and
transitions, respectively. Longer acquisition times were used for the RA region (∼3835 eV-3990 eV), which explains the smaller statistical fluctuations of the normalized data in this part of the spectrum. On the other hand, the "background" region extending from 3735 eV to 3835 eV was skipped.
Kβ 1,3 yield ratio consistent values of 0.025(7) and 0.030 (12) were found from the fits of the spectra acquired at 4088 eV and 5493 eV.
IV. RESULTS AND DISCUSSION
For each beam energy, the total fit to the experimental data was subtracted from the measured x-ray spectrum and the obtained residual spectrum was assumed to correspond to the KMM RA transitions since the RA region was not included in the fits (see Fig. 3 ).
For an easier comparison of the RA transition energies with theory, the residual spectra were shifted in energy, using the centroid of the Kβ 1,3 peak as the origin of the new energy axis E R . The shifted residual spectra Y (E R ) corresponding to the two beam energies are depicted in Fig. 4 . As shown, the RA intensity is of the order of 10 −3 relative to the Kα 1,2 diagram lines and of 10 −2 relative to the Kβ 1,3 lines. Although the fits of the overall spectra were found to be of good quality with typical reduced chi-squaresχ 2 ≈ 0.999, the data points in the residual spectra are affected by rather large errors. The latter originate from the statistical errors of the experimental data, the fit errors and the uncertainties related to the data corrections.
A. KMM RA shape
In general, the shapes of the RA spectra measured at the two different excitation energies are very similar and the same onset energies E R s = −22.9(1) eV were found for the leading edges of the KMM RA transitions. In the spectrum taken at E B = 5493 eV, however, some structures were found to be less well resolved. As in this case the photon beam energy is higher than the KL double ionization threshold, this can be due to the additional broadening resulting from multi-ionization processes. Furthermore, since both excitation energies are lower than the double K ionization threshold which amounts to 8003 eV for Ca [38] , the spectra are free from the Kα h 1,2 hypersatellite lines appearing in the proton-induced spectra [24] at the energy of -173.5(6) eV. On the other hand, according to [40] , for Ca the contributions from the x-ray resonant Raman scattering and RER transitions can be assumed to be negligibly small in comparison with the RA intensity. Therefore the latter contributions were not taken into consideration in the present work. , the theoretical radiative field transition rates from Baptista [12] are shown for the 3p −2 np (n ≥ 4) RA SU transitions (dotted sticks) and 3p −2 ǫp RA SO transitions (exponential tails).
spectrum should therefore exhibit fine structures reflecting the density of unoccupied states (DOS) as already observed by Kawai et al. [5, 6, 41] . Neglecting the quadrupole transitions [42] and the crystal field effects [43] , the partial p-like DOS can be derived from the measured K absorption spectrum depicted in Fig. 2 . For this purpose, the latter was rescaled relative to the Fermi level energy E = 4038.2 eV, which was determined from the first-order derivative of the experimental absorption curve. For the partial s-and d-like DOS, no calculations were found for Ca so that the results of calculations performed for CaS [44] were adopted.
For a meaningful comparison with the measured RA spectrum, the measured absorption spectrum and the normalized nl DOS depicted in the panel (c) of Fig. 4 were set to a common energy scale using the following relation and taking the energy of the Kβ 1,3 line as reference:
In the above equation E i and E 2,3 are the calcium M i and M 2,3 electron binding energies, E j the binding energy of the outgoing electron calculated within the Z + 1 approximation [45] and E nl the energy of the unoccupied nl state. For the binding energies with respect to the Fermi level, values quoted in the X-ray Data Booklet [46] (times -1) were adopted.
As shown in Fig.4 a satisfactory qualitative agreement is observed between the measured RA spectra and the DOS curves. For a more detailed quantitative comparison the leading peaks of the corresponding DOS curves are quoted in the second column of Table I . The first column of the table lists all KMM shake-up RA dipole transitions allowed by the selection rules proposed by Bloch [1] and Aberg [7] . The energies of the corresponding transitions calculated with the DV-Xα for solid [10] and radiative field methods for atomic Ca [12] are given in the 3rd and 4th column, respectively. Finally, the RA edge energies derived in [24] from the LMM Auger transition energies reported by Larkins [47] are also listed (5th column).
B. Relative RA yield
The tails of the Kα 1,2 and Kβ 1,3 diagram lines representing the main source of the background underlying the RA signal, the normalization procedure of the separate spectral regions and the different corrections applied to the measured intensities were checked by comparing the obtained Kβ 1,3 to Kα 1,2 yield ratios to available theoretical and experimental P o , respectively. The theoretical energies calculated using the DV-Xα [10] and radiative field [12] models as well as the values deduced from the Auger transition energies [24] are also listed for comparison.
KMM-RAE final configuration EXEFS a DV-Xα [10] Radiative field [12] Transition edge [24] 3p −2 3 P 4p
-55 --56.7 a 3s −1 3p −1 1 P 5s -62 -
a Average value for the considered final state configuration.
b Average value for the n ≥ 5 final state configuration.
values (see Table II ). It was found that the ratios of 0.098 (1) two spectra were also examined. As shown in Table II both results are slightly bigger than the value derived from the atomic level widths recommended by Campbell and Papp [36] but in agreement with the latter within the combined errors. The small surplus found for the experimental Lorentzian widths is due to the unresolved N-satellites which broaden the diagram lines. This explains also why the width observed at 5493 eV is bigger than the one observed at 4088 eV.
The total RA yield was determined by integrating the measured spectra presented in 
employing exponential functions to describe analytically the RA x-ray tails according to the first approximation of the Auger electron escape process [50] . In this equation, a R and b R are the least-squares fit parameters to the residuals in the lowest 20 eV energy interval. The fit results are depicted in the insets of Fig. 4 . The contribution of this residual part to the measured RA intensity was found to be ∼ 5% and was added to the latter. The total RA intensities were then divided by the corresponding Kβ 1,3 intensities to get the relative RA yields R M listed in the 4th row of Table II .
These values were further corrected for the second order KM −(Mnl)(Mn ′ l ′ ) RA process which might slightly contribute to the intensity observed in the low energy region of the KMM RA spectrum. In this process two M Auger electrons and one photon are supposed to be emitted simultaneously. Actually, a similar second order decay channel involving two
Auger electrons was already observed in the relaxation of Xe 4d holes [51] . Furthermore, assuming the same value R c for the first order RA KMM to Kβ 1,3 and for the second order KMMM to the first order KMM RA yield ratios, the total experimental relative RA yield R M can be written as
The positive solutions of the above equation for R c yield the final RA relative intensities listed in the last row of Table II . The relative corrections which are smaller than 6% indicate that higher order RA processes have a minor influence.
The difference between the relative KMM RA yields found for the two photon beam energies is not significant, suggesting that the RA intensity does not depend on the excitation energy. Hence, for comparison with other results the average value R av c =0.053(3) is considered hereafter. One finds first that this average value exceeds markedly the KMM RA to Kβ 1,3 yield ratios of 0.031(5) and 0.016(6) obtained from measurements performed with proton beams [24] and x-ray tubes [22] , respectively. Our result is also underestimated by the theoretical prediction (0.0326) of Baptista [12] . On the other hand, the average RA yield obtained in the present work is close to the the theoretical value of 0.048 obtained by extrapolating the relative RA rates obtained byÅberg for Cl − , Ar and K + [7] and to the total KMM plus KMN relative RA intensity predicted by Scofield (0.0561) [8] . Scofield's prediction (∼0.046) [8, 40, 52] taking into account only 3s and 3p vacancies in the final states is, however, slightly overerestimated by our experimental value.
In order to get a better overview of the relative KMM RA intensity in the Z region of interest, existing experimental data for Ca and neighboring elements obtained via pho- Scofield [8] Baptista [12] Verma [22] Budnar [24] Scofield [8] Campbell [53] values from Ref. [24] and Ref. [22] and theoretical values from Scofield for the total KM M + KM N RA transition probabilities (solid line) and only for the KM M ones (dashed line) [8] .
Results of calculations for Cl − (Z=17), Ar (Z=18) and K + (Z=19) from [7] and experimental results for the elements V (Z = 23), Cr (Z = 24) and Fe (Z = 26) from [53] are also shown for comparison.
toionization [22, 40, 52] , few MeV proton-induced excitation [24] and from measurements of the Kβ to Kα intensity ratios in radionuclides following electron capture [53] depend on the primary target excitation. It can be noted also that the present result is the only one obtained so far by using monochromatic synchrotron radiation for the production of the target fluorescence. In addition, present RAE data were collected with an energy resolution of about 1 eV, whereas previous experiments were carried out using either low-resolution energy-dispersive detectors or wavelength-dispersive instruments having a moderate energy resolution of ∼ 10 eV. This plays an important role for an accurate determination of the tails of the close-lying Kα 1,2 and Kβ 1,3 diagram lines since these tails represent the main component of the background underneath the broad RA structure. In our opinion, the main source of the large discrepancies observed between the different experimental RAE data are most probably due to improper background subtractions. Additional RAE measurements for other elements following the method used in the present work are thus clearly needed for more detailed comparisons and more reliable conclusions. Despite the high-energy resolution of the K x-ray spectra measured in the present work, no distinct structures due to shake-up excitations to higher unoccupied outer shells could be observed. This is most likely due to solid state effects which broaden and smear out the discrete RAE structures.
V. SUMMARY AND CONCLUDING REMARKS
Photoinduced KMM radiative Auger emission spectra of Ca were recorded at two different excitation energies. The measurements were performed by means of high-resolution x-ray spectroscopy, using a von Hamos Bragg-type bent crystal spectrometer having an instrumental energy broadening of 1.6 eV. The solid calcium target was irradiated with tunable monochromatic synchrotron radiation beams, which allowed us to selectively exclude the contributions to the RA spectral region from other possible processes such as the x-ray resonant scattering or K hypersatellites. The high energy resolution and the low background characterizing the measured spectra insured a reliable determination of the Kβ 1,3 diagram line shape. This represented a key point for a correct determination of the weak KMM RA residual yields.
The EXEFS method [5] and DV-X α [10] calculations were considered to assign properly the structures observed in the RAE spectra. While the experimental transition energies were found to agree well with the results of these two models, the observed RA transition edges were found to lie systematically above the values derived in [24] from the LLM Auger electron energies reported by Larkins [47] . For the relative yield of the KMM RA with respect to the Kβ 1,3 diagram line, a value of 0.053(3) was obtained, in good agreement with the theoretical predictions from Scofield [8] andÅberg [7] .
Among the few experimental KMM RA relative yields which are available for Ca and neighbouring elements, large discrepancies are found. The latter can be mainly attributed to the difficulties encountered in the accurate determination of the background underlying the RAE spectrum. Due to solid state effects which made the resolution of discrete RAE peaks difficult, we did not attempt to extract separate intensities for the shake-up and shake-off RA transitions. However, the present spectra should allow to do it. For this, however, new theoretical calculations would be very helpful, although such calculations are very challenging for theoreticians due to the complexity of the matrix elements which govern the RA transitions [10] .
